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ABSTRACT  11 
This work reports the thermal barrier and flame retardant efficiency of an organically modified clay 12 
(organoclay, OC), when deposited on the surface of glass fibre-reinforced epoxy (GRE) composites. 13 
Two approaches were undertaken: 1) the OC was deposited on the surface of the epoxy composite 14 
and then polymerised using an atmospheric argon plasma in the presence and absence of a silicon-15 
containing monomer and 2) the OC was dispersed in a phenolic resin binder and applied as a surface 16 
coating. Fourier transform infrared spectrometry confirmed the polymerisation of the silicon-17 
containing monomer by plasma treatment. The adhesion between the coating and the substrate was 18 
measured using the tape pull method, which indicated that the OC was tightly embedded in the resin 19 
matrix after plasma treatment or with the resin binder. The surface morphology of coated surfaces 20 
was studied using scanning electron and digital microscopies. The thermal barrier effect of the OC-21 
containing coatings studied by a cone calorimeter at 35 kW/m2  heat flux was demonstrated by 22 
increase in time-to-ignition and time-to-peak heat release rate, and decrease in the peak heat release 23 
of the coated samples compared to the control sample. However, for the coatings to be effective 24 
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enough to be self extinguishing, the presence of an additional flame retardant element in the coating 1 
or on the surface layer of the GRE composite and beneath the clay layered coating is required.      2 
 3 
1. Introduction 4 
Fibre-reinforced polymer composite materials, despite various advantages like light weight, high 5 
mechanical strength and cost effectiveness, are susceptible to combustion and fire damage because 6 
of their organic matrix component. This leads to concerns about their structural integrity during and 7 
after exposure to fire. One obvious method of fire protection is modification of the resin matrix, 8 
which although it changes the burning behaviour of the composite, has limited effect on softening 9 
of the resin. With heat, the resin softens before degrading and the combustion of composite laminate 10 
usually is accompanied by delamination, which affects the mechanical properties of the laminates 11 
(Kandare et al, 2011). Another and most efficient way to protect composites against fire without 12 
affecting their physical and mechanical properties is the use of surface coatings, which could be 13 
intumescent based chemical coatings (Kandola et al, 2012), ceramic fibrous/intumescent mats 14 
(Asaro et al, 2009; Kandare et al, 2010; Sorathia et al, 1992) or thin films developed from carbon 15 
nanotubes or nanofibres (Fu et al 2010; Gou et al, 2010; Zhao and Gou, 2009). The thermally 16 
insulative coatings decrease the rate and extent of heat transfer from the fire into the composite 17 
structure and decrease mass transport of oxygen and combustible volatiles from the polymer into 18 
the pyrolysis zone. The retardation or prevention of heat transfer and mass transport of combustible 19 
volatiles and/or oxygen into the pyrolysis zone effectively reduces the propagation of the flames.  20 
 21 
Since the 1990s, nanoparticles, in particular layered clay minerals and carbon nanotubes have been 22 
extensively studied in terms of increasing thermal stability and fire retardancy of polymers. The 23 
flame-retardant effect of these nanoparticles is believed to be due to formation of a thermally 24 
insulative layer on the surface of the burning polymer, which slows down the burning process 25 
(Bourbigot et al, 2004). This has led to the general idea for this work in that if these nanoparticles 26 
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are deposited on the surface of the glass fibre-reinforced epoxy composite, they can act as 1 
ceramicizing elements, providing a thermal barrier to the underlying structure. Plasma treatment 2 
offers the possibility of selective modification of the surface while keeping the bulk characteristics 3 
of the composite laminate unchanged.  4 
 5 
The use of a plasma process for surface modification and graft polymerization of co-monomers on 6 
the polymer surface, in particular textiles, is well known. Films deposited by plasma treatment have 7 
a good adhesion to the substrate, are uniform and free of voids.  Plasma coatings have been exploited 8 
for a variety of applications such as anticorrosion, electrical resistors, scratch resistance, optical 9 
filters, chemical barrier, water-repellency and fire retardant properties (Carosio et al, 2011; Horrocks 10 
et al, 2011; Ji et al, 2008; Tsafack and Levalois-Grutzmacher, 2007).  The reactive species in the 11 
plasma (ionized gas) interact with the surface atoms or molecules and modify the surface properties 12 
without affecting bulk properties of the polymer.  When polymeric materials are exposed to plasma, 13 
various free radicals are created on the polymer surface. These radicals can initiate 14 
polymerization/bonding reactions when they are in contact with monomers/functional groups in a 15 
liquid or gaseous phase.  16 
 17 
This study explores the combination of atmospheric-pressure cold plasma and nanotechnology to 18 
develop a thermal barrier surface coating on an FRC laminate. A commercially available OC, 19 
Cloisite 30B (Southern Clay Products), has been deposited on surfaces of glass fibre-reinforced 20 
epoxy composite laminates. For this the OC was dispersed in ethanol and the suspension was sprayed 21 
using an air brush. Two approaches have been undertaken to physically/chemically bind the OC 22 
with the resin: 1) use of an atmospheric argon plasma in the presence and absence of a silicon-23 
containing monomer and 2) use of a phenolic resin as a binder. The physical and thermal barrier 24 
properties of these coatings have been studied. 25 
  26 
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2. Experimental 1 
2.1 Materials 2 
Composite: An epoxy novolac resin, AralditeLY5052 (Huntsman) with Aradur 5052 hardener 3 
(Huntsman) were used for the matrix. E glass in the form of woven roving (290 g/m2, Glasplies, 4 
UK) was used as the reinforcement.  5 
Clay: A commercial organoclay (OC) Cloisite 30B, from Southern Clay Product was used. The OC 6 
was dried at 120oC for 2 h and then 7 mass% of it was dispersed in 90 ml ethanol with 2 mass%  7 
sodium dodecyl sulphate surfactant (BDH, UK) and stirred for 24 h at room temperature (RT). 8 
Monomer: Hexamethyldisiloxane (HMDSO) of synthetic grade with 98% purity and specific gravity 9 
of 0.76 (Sigma-Aldrich, UK) was used as a monomer. 10 
Gas:  Argon gas (99.99% purity) with flow rate of 20 l/min was used to initiate and generate the 11 
plasma at atmosphere pressure. Argon also serves as a carrier gas. 12 
Binder: A phenolic resin, DUREZ 33156 (Sumitomo Bakelite Europe) was used as a binder. 13 
 14 
2.2 Preparation of glass fibre-reinforced epoxy (GRE) composite laminates 15 
A GRE laminate of 300 mm x 300 mm size was prepared by a hand lay-up method. Eight layers of 16 
E-glass woven fabric were impregnated with epoxy resin, stacked together, vacuum bagged and 17 
cured at room temperature (RT) for 24 h followed by a post cure at 80 ºC for another 8 h. The mass 18 
fraction of the resin in all samples was 50 mass%.  The GRE laminate was cut into plaques of sizes 19 
suitable for different tests. These plaques were then independently coated with the OC on the surface 20 
by using three different processes as discussed below.  21 
 22 
2.3 Surface coating of GRE laminates 23 
2.3.1 Plasma equipment and process   24 
The atmospheric pressure plasma apparatus used in this experiment is described in detail elsewhere 25 
(Horrocks et al, 2011, 2009).  It consists of a Surfatron microwave cavity into which a plasma 26 
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containment quartz tube was placed. This was connected to a microwave generator (SAIREM) 1 
operating at 2.45 GHz frequency with a continuous power output ranging from 0 to 300 Watts. An 2 
argon glow discharge was generated in this quartz tube and then the argon plasma was ignited by 3 
using a copper wire. A constant distance of 10 mm between the tip of the quartz tube containing the 4 
plasma flame and the sample surface was maintained. For the plasma treatment with HMDSO 5 
monomer, the argon gas was bubbled through HMDSO monomer, which is a liquid at RT under 6 
atmospheric pressure. This thus created an argon-HMDSO plasma. 7 
 8 
Coating A (sample GRE-A), prepared with Ar-plasma:  9 
A three-step process was employed to prepare this coating. The surface of the GRE laminate sample 10 
was cleaned with acetone, wiped very gently with a tissue and then dried at RT for 10 min before 11 
any surface treatment. In the first step, the composite laminates were treated with atmospheric argon 12 
plasma (flow rate 20 l/min; P= 150 W; t = 15 min) in order to activate and roughen the surface at 13 
the nano/micro level. In the second step, a homogeneous OC suspension in ethanol was sprayed on 14 
the activated substrate layer-by-layer using an air-brush (model BD-138; Tip = 0.5 mm; air pressure 15 
= 15 psi) while maintaining a 100 mm distance between the spray tip and the activated substrate. 16 
The coated sample was dried at 80oC in the oven for 5 min after first spraying, followed by 2 min 17 
for subsequent layers. The process was repeated until 20 layers of coating were built-up on each 18 
sample. In the final step the coated sample was dried again at 80oC in the oven for 30 min to 19 
evaporate any residual solvent and then treated with argon plasma (flow rate 20 l/min; P= 150 W; t 20 
= 15 s per 100 mm) to activate the cross-linking between OC and the epoxy polymer on the surface. 21 
Coating B (sample GRE-B), prepared with Ar-HMDSO-plasma:  22 
The procedure adapted for this coating was similar to that used for Coating A, except for the use of 23 
Ar-HMDSO plasma instead of Ar-plasma for the surface activation in the first step. The Ar-HMDSO 24 
plasma was obtained by bubbling the argon gas through the HMDSO liquid prior to creating plasma.  25 
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After depositing 20 layers by the layer-by-layer (LbL) technique (as above) and drying the coating 1 
in an oven at 80oC for 30 min, the coated sample was exposed to Ar-plasma.  2 
 3 
2.3.2 Surface coating using a binder 4 
Coating C (sample GRE-C), prepared with phenolic binder 5 
For this coating, a phenolic resin (DUREZ 33156) was used as a binder. The coating formulation 6 
was prepared by adding 10 mass% of phenolic resin into 20 ml OC dispersion (as described in the 7 
above section). The mixture was stirred at RT using a magnetic bar (Magnetic stirrer hotplate, Bibby 8 
HC502) at a speed of 1300 rpm. The surface of the laminate was cleaned with acetone to remove 9 
any impurities and then dried at RT for 10 min before spraying the OC and the binder mixture on 10 
the surface of the laminate with the air-brush using the LbL technique, keeping parameters similar 11 
to the ones used for spraying coatings A and B. The coated samples were then cured at RT for 24 h 12 
and then post-cured at 80oC for another 24 h.  13 
All samples were weighed before and after coating and the % OC deposited (mass%) on the surface 14 
was calculated using equation (1): 15 
 16 
OC deposition (mass%) = [ 
MOC−M0
M0
 ]  X 100         (1) 17 
Where  Mo is mass of the virgin laminate and MOC is mass of the coated laminate. 18 
In case of coating B, MOC = total mass of coating – mass of HMDSO  19 
In case of coating C, MOC = 0.9 x total mass of coating (10 mass% of the coating is phenolic resin)  20 
The thicknesses of coatings were measured using a digital caliper. Results are given in Table 1. 21 
 22 
2.4 Surface characterization 23 
The chemical compositions of the plasma treated epoxy surfaces were studied by Fourier Transform 24 
Infrared (FTIR) spectroscopy (Nicolet iS10 spectrophotometer, Thermo Scientific). The effect of Ar 25 
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and Ar/HMDSO plasma on the epoxy surface was evaluated by a wettability test using a droplet of 1 
water and observing the behaviour of it on the surface with a digital video camera. The contact angle 2 
between the water droplet and the surface of the sample was observed and used to identify the surface 3 
properties, i.e. wettability, hydrophilicity and hydrophobicity.  4 
 The morphologies of plasma-treated and phenolic binder containing coatings were studied using 5 
scanning electron microscopy (SEM, Hitachi Technologies Model 3400) with accelerating voltage 6 
capacity 1-30 kV and magnification ranges between 10X and 300,000X at 30 kV providing 7 
resolution down to 10 µm. Samples were cut into 5 x 5 mm size and mounted on aluminium stubs 8 
with double sided conductive adhesive tapes. The metallization on the coated surfaces with gold was 9 
performed in rarefied argon atmosphere (20 Pa) using an Emitech SC7620 Mini Sputter Coater, with 10 
a current of 20 mA for 60 s. 11 
 12 
2.5 Flammability behaviour  13 
The flammabilities of all fibre-reinforced epoxy composite laminates, with and without surface 14 
coating, were evaluated using a cone calorimeter (Fire Testing technology, UK). The limitation in 15 
the quantity of materials available led to the use of specimens reduced in size rather than using the 16 
normal 100 mm × 100 mm sizes as outlined in ISO 5660 and ASTM E 1354. Previously in our 17 
laboratories it was noted that the use of 75 mm × 75 mm gave similar relative trends to those 18 
observed using 100 mm × 100 mm specimens (Biswas, 2007). Samples were tested at 35 kW/m2 19 
heat fluxes in the horizontal mode at a distance of 25 mm from the cone heater without a spark 20 
ignition source. 35 instead of 50 kW/m2 (usually used for structural composites) heat flux was chosen 21 
for more accurate determination of any advantageous effects (increase in time-to-ignition (TTI) and 22 
time-to-peak heat release (TPHRR) that thin  coatings may impose upon the underlying substrate.  For 23 
all samples, three replicates tests were conducted and the results were averaged. The derived 24 
flammability parameters include time-to-ignition (TTI), heat release rate (HRR), peak heat release 25 
rate (PHRR), time-to-PHRR (TPHRR), total heat release (THR), total smoke release (TSR) and the 26 
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fire growth rate index (FIGRA). To observe the thermal barrier properties, for two out of three 1 
replicate cone experiments, three K-type thermocouples were placed, one on top of the surface 2 
coating and two on the reverse side of samples.  The thermocouples recorded temperature as a 3 
function of time during the cone experiment to get the temperature profiles of each coated sample.  4 
 5 
2.6 Durability of coatings 6 
The adhesion between OC coatings and substrate was assessed by a tape pull test, similar to one 7 
specified in ASTM D 3359 and usually used to examine the adhesion of films or sheets to an 8 
adhesive surface (Wei and Zhao, 2008). On coated samples, Sellotape was applied on the surface of 9 
the laminate and smoothed with fingers to ensure good contact. By holding the sample with one 10 
hand, the tape was peeled back at 180o in one smooth movement with the other hand. OC peeled 11 
(mass%) was determined using equation (2), 12 
OC peeled (mass%) = [ 
M2−M1
M1
 x 100
% OC deposition
 ]  X 100           (2) 13 
In which, M1 and M2 are the mass values of the coated samples before and after the tape pull test.   14 
The test was repeated three times on different locations on the same sample. 15 
 16 
To observe the effect of atmospheric conditions on coatings, all coated samples were aged in water, 17 
using the BS EN ISO 2812-2:2007 water-soak test. However, owing to limited sample sizes, the 18 
sample size used for this test was 35 mm x 35 mm as compared to 150 mm x 100 mm as specified 19 
in the BS standard. The edges of all GRE samples with/without surface coatings were sealed by 20 
applying epoxy resin on all four edges before immersing each sample into 100 ml of deionised-21 
water. The samples were aged for up to 24 h at RT. All samples were weighed before and after the 22 
test and their appearances were recorded with a digital camera and their thicknesses measured using 23 
a digital caliper.   24 
 25 
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 3. Results and discussions 1 
3.1 Surface characterization 2 
Effect of plasma on the epoxy surface 3 
To observe the effect of plasma treatment on the surface of composite laminates, a simple water 4 
drop test was used. The water droplet on the control sample remains as a drop even after 120s (Fig. 5 
1(a)), showing the epoxy resin’s hydrophobic behaviour. In the case of the Ar-plasma treated 6 
sample, the water drop spread as soon as it fell, showing the hydrophilic behaviour caused by plasma 7 
treatment.  This is likely to be due to the Ar-plasma helping in surface etching and creating free 8 
radicals and polar groups on the GRE laminate surface (Mahlberg et al, 1998). However, with 9 
Ar/HMDSO plasma treatment, hydrophobic behaviour can be seen from the water droplet remaining 10 
as a drop even after 120s; this can be explained as being due to the polymerized HDMSO film 11 
covering the surface.  To support this hypothesis, the Ar-HMDSO plasma treated surface was 12 
characterized by IR-ATR. Although it is not possible to normalize the ATR-IR spectrum with 13 
respect to the sample concentration, it can be assumed that the depth of penetration of the IR beam 14 
through the sample (2.03 micrometers at 1000 cm-1 for a diamond ATR crystal) and the ATR active 15 
sample area (1.5 mm for the single bounce ATR) (Smart iTR, 2008) are the same for all samples. 16 
Hence, a comparison of the intensity of the transmittance as it varies as a function of wavenumber 17 
between each sample is possible. The IR traces of Ar-HMDSO plasma treated laminate and control 18 
laminate shown in Fig. 2 (a, b) indicate that the characteristics peaks of epoxy resin are overlaid by 19 
peaks arising from the plasma deposited HDMSO polymer film. The peaks due to aromatic C–H 20 
(1606 and 1509 cm−1) and aromatic ring stretching (1583 and 1450 cm−1) are of less intensity than 21 
in control GRE sample, the broad peak at 3400 cm−1 (-OH stretching) and the peaks at 2925 and 22 
2852 cm−1 due to –CH2- and -CH3 stretching have nearly disappeared.  The peaks at 1110 and 1080 23 
cm-1 of C-O and 1241 cm-1 of epoxy rings are overlaid by new peaks at 1035 and 1065 cm−1, which 24 
can be attributed to Si–O–Si and Si–O–C, respectively (Ji et al, 2008; Rosace et al, 2010). These 25 
observations indicate that the HMDSO polymer film masks the epoxy resin rich surface of the GRE. 26 
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To support the conclusions drawn from the IR results, the change of laminate surface morphology 1 
is clearly illustrated by SEM images (Fig. 3). The surface of the control sample is smooth (Fig. 3 (a 2 
and b)).  After Ar-HMDSO plasma treatment, a thick surface layer developed through deposition of 3 
the polymerized HMDSO can clearly be seen (Fig. 3 (c and d)).  4 
 5 
Effect of plasma and phenolic binder on organoclay deposition 6 
As can be seen in Table 1, with Ar-plasma, a 310 µm thick coating (GRE-A) with 3.7 mass% of OC 7 
deposition on the laminate could be obtained. With Ar-HMDSO plasma, the coating B obtained was 8 
320 µm thick; this coating is however derived from OC and the HDMSO monomer. The OC 9 
deposition in this coating is 3.2 mass%. Considering the variation in thickness and mass of the 10 
coatings given in Table 1, it can be seen that the HDMSO monomer has little effect in improving 11 
the concentration of deposited OC. Coating C, containing 10 mass% phenolic binder, is of 380 µm 12 
thickness and contains 4.5 mass%  of OC.  13 
 14 
The FTIR spectra of the Cloisite 30B and three surface coated laminates are shown in Fig. 2. In Fig 15 
2 (c), the characteristic peaks of Cloisite 30B can be identified as: 3626 cm-1 (–OH stretching), 1006 16 
cm-1 (Si-O-Si stretching), 3395 cm-1 (N–H stretching of the organic modifier), and the group of 17 
peaks at 2922, 2846 and 1465 cm-1 arising from the methylene group of the organic modifier in the 18 
OC (Cervantes-Uc et al, 2007; Malucelli et al, 2007).   All of these peaks, as expected, are also to 19 
be seen in the spectra of the GRE-A, GRE-B and GRE-C coated samples in Fig. (d, e, and f). A new 20 
peak at 1218 cm-1 has appeared in the spectra of all coated samples, which can be assigned to C-O 21 
and C-N stretching bonds of the alkyl ammonium ion of the organic modifier. The absence of this 22 
peak in spectrum of the 30B clay can be explained on the basis that the OC has been tested as a 23 
powder where clay platelets are stacked together, whereas when it is dispersed in ethanol under shear 24 
(prior to coating on the surface of the laminate) the exfoliation of the platelets occurs and hence, the 25 
organic modifier is relatively more exposed on the clay surface. On the other hand, in the spectrum 26 
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of the GRE-C sample,  the peaks in the region of 2922 - 2852 cm-1 (–CH2– and –CH3 stretching), 1 
3628 cm-1 (–OH stretching) and 1006 cm-1 (Si-O-Si stretching)  are not as sharp as in other samples, 2 
which could be due to phenolic resin binder masking OC on the surface. This is further confirmed 3 
by the appearance of new peaks at 1372 cm-1 due to O-H bonds of phenolic groups and at 1653, 4 
1611 and 1512 cm-1 due to aromatic C-C bonds in the phenolic rings. 5 
 6 
SEM images of three different surface-coated samples are shown in Fig. 3. As compared to un-7 
coated laminate (Control; Fig.3 (a and b)), the surfaces of OC coated samples GRE-A  and GRE-B 8 
are completely different, becoming rougher and scalier (Fig. 3(e-h)) owing to OC concentrating on 9 
the surfaces. The surface of GRE-C (Fig. 3(i-j)) on the other hand is smoother and more uniform, 10 
indicating that the phenolic resin has helped in binding the OC uniformly on the surface. 11 
 12 
3.2 Mechanism of organoclay deposition using Ar-plasma treatments 13 
Based on the IR-ATR and SEM results discussed above, the possible mechanism of OC deposition 14 
on the plasma treated surfaces of glass fibre-reinforced epoxy (GRE) composites can be proposed 15 
to be that shown in Fig. 4. The surface of epoxy composite laminate normally consists of carbon, 16 
oxygen and hydrogen.  Ar-plasma treatment can create O-functional groups such as hydroxyl (-OH), 17 
carbonyl (C=O), peroxyl (O-O) and carboxylic (O=C-OH) groups on a polymeric surface (Friedeich, 18 
2012; Sarmadi and Denes, 1996; Stephen and Peter, 2005). The plasma has enough energy to break 19 
covalent bonds to produce free radicals or abstract hydrogen to produce negative charge on the 20 
surface. These active species can then react with the alkyl ammonium ion in Cloisite 30B structure. 21 
Reaction of alkyl ammonium ion with laminate surface may be partly an ionic interaction via 22 
carboxylic acid species and/or a radical grafting reaction between alkyl group of such ions and of 23 
surface, using O – O groups as initiating sites.  24 
 25 
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For Ar-HMDSO plasma treatment the possible mechanism of OC deposition is shown in Fig 4(b). 1 
With Ar-HMDSO plasma, all HMDSO monomer molecules become extensively fragmented in 2 
powerful plasma, most often into single atoms, followed by first order recombination under new 3 
arrangement (Yasuda, 1981). These free radicals, and radical-sites of HMDSO monomer from the 4 
plasma might randomly react with radical sites formed on the GRE surface to form cross-links via 5 
its oxygen atom or with silane groups through -O-Si bond (Ji et al, 2008; Saramdi et al, 1995), 6 
resulting in the thin film formation of polymerised HMDSO. Generally, the functionalities of 7 
siloxane oligomers and polysiloxanes include silanol, chlorosilyl, hydrosilyl, vinyl, and allyl groups 8 
(Chruściel and Leśniak, 2012; Shen et al, 2008). When  OC particulates are spayed on the 9 
polymerised HMDSO layer, the functionalities of polymerised HMDSO react with the alkyl 10 
ammonium ion in Cloisite 30B structure and probably some covalent bonds are formed as shown in 11 
Fig. 4(b). There could also be some ionic bonds between the surface and the OC as previously shown 12 
for coating A in Fig. 4(a). 13 
 14 
3.3 Thermal barrier effect of coatings    15 
The flammability behaviour of GRE laminates with/without surface coatings has been investigated 16 
using a cone calorimeter at 35 kW/m2 heat flux without a spark ignition source.  17 
The HRR vs time curves of all GRE laminates are graphically shown in Fig. 5, whereas all anlaysed 18 
results are given in Table 2. The thermal barrier effect of these coatings was evaluated using the 19 
temperature profiles of the surface (TS) and the unexposed (back) surface (TB) of the laminate, which 20 
were recorded by K-type thermocouples as mentioned in Section 2.4. Time taken to reach the back 21 
surface temperature (TB) 180 and 250
oC are reported in Table 2. These temperatures were selected 22 
because these represent the glass transition and decomposition temperatures of the epoxy resin, 23 
respectively. 24 
  25 
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The control sample without any surface coating ignited after 97 s of continuous radiant heat 1 
exposure, after which period heat releases started rising and reached a PHRR of 526 kW/m2 at 119 2 
s, followed by a rapid reduction in the HRR, which signifies the cessation of the flaming combustion 3 
process. At the end of the experiment, all resin was burnt and no residual char was left to hold the 4 
glass fabric layers together (see Fig. 6(a)). 5 
 6 
GRE laminates surface-coated with OC using Ar- or Ar-HMDSO plasma showed variable results 7 
depending upon the OC concentration and whether the OC completely covered the surface or 8 
whether some resin was exposed. If the surface is completely covered, it is expected that the OC 9 
will act as a barrier, indicated by the delay in TTI or time-to-PHRR. If, however, some resin is 10 
exposed on the surface, the resin will ignite and the barrier effect of the OC will not be efficient. 11 
Results in Fig. 5(a) show that two specimens of GRE-A ignited at 100 s; the PHRR however is 12 
reduced compared to that of the control sample and time-to-PHRR (TPHRR) is increased.  For the 13 
third specimen the TTI is considerably increased to 170s, PHRR to 400 kW/m2 and TPHRR to 192s. 14 
This also results in reducing the FIGRA (PHRR/TPHRR) values. As can be seen from Table 2, this 15 
specimen has lower OC concentration on the surface compared to the other two specimens, hence 16 
its flammability is higher than the other two. The fire growth rate index (FIGRA), which is defined 17 
as the ratio of maximum quotient of HRR(t)/ TPHRR, which often equals to PHRR/ TPHRR in a cone 18 
calorimeter, can identify the materials in term of potential fire safety.  The FIGRA in GRE-A is 19 
reduced by 32 % and which indicates that the OC reduces the fire risk. These three parameters 20 
(increase in TTI, reduction in PHRR and increase in TPHRR) are important in assessing the thermal 21 
barrier efficiency of any material. Similar effect is usually shown by other coatings such as 22 
intumescent or ceramic, providing passive fire protection (Kandare et al, 2010; Kandola et al, 2012). 23 
The coatings had no effect on TSR values (Table 2), which is expected as the surface coating acts 24 
as a physical thermal barrier and does not chemically interact with the epoxy resin of the GRE to 25 
change its burning behavior and hence, affect smoke production during burning. However, the total 26 
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heat release (THR) for GRE-A sample is higher than that for the control sample (Table 2), which is 1 
also commonly observed for materials providing passive fire protection. At the conclusion of the 2 
cone calorimeter test, a thin layer of charred residue remains on the surface of the laminate, but this 3 
being very thin and flimsy, is not capable of retaining the integrity of laminate by thermally 4 
protecting the underlying resinous part (Fig. 6(b)). This conclusion is supported by Fig. 5(d) in which 5 
the mass loss curve of GRE-A is seen to be not very different from that of GRE. The time required 6 
for the back surface to reach 180 and 250oC, is also not much different to that of the control sample. 7 
To conclude, in OC coated sample prepared using Ar-plasma, there is improvement in TTI and TPHRR 8 
and reduction in PHRR, indicating a thermal  barrier effect, but that the  layered clay minerals on 9 
the charred surface is not thick enough to effectively delay heat transfer through the sample.  10 
 11 
The cone results for the sample GRE-B, coated with OC using Ar-HMDSO plasma, are not as good 12 
as for GRE-A as can be seen from Fig. 5(b) and  Table 2. Although the TTI and TPHRR are increased, 13 
the PHRR is not reduced to the same extent as in case of GRE-A. The TSR of GRE-B samples is 14 
similar to that observed in the control and GRE-A samples. The deposited OC on GRE-B’s surface 15 
is slightly less than that of the GPE-A as shown in Table 2.  These results also show that the HMDSO 16 
polymer has no fire retardant properties and did not help in increasing the OC deposition on the 17 
surface. A very thin charred layer was though observed similar to that in GRE-A at the end of the 18 
cone experiment (see Fig. 6(c))  19 
 20 
Out of three specimens tested for GRE-C sample containing OC and polymerisable phenolic binder, 21 
one (with 4.8 mass% of OC deposition) did not ignite, while other two with slightly less OC (~ 4.1 22 
mass% of OC) ignited and their HRR curves are different than all other samples .  With respect to 23 
control sample, the TTI and TPHRR of GRE-C have not increased much, but PHRR decreased from 24 
526 to 401 kW/m2, and more significantly, THR and FIGRA are decreased by 14 and 27%, 25 
respectively. In this sample the phenolic resin used as binder, is exposed on the surface, which ignites 26 
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easily and hence, TTI remains unaffected. However, reduction in PHRR, THR and FIGRA values 1 
could be observed, which is due to inherently flame retardant character of the phenolic resin. The 2 
presence of phenolic binder in the coating resulted in an increase in TSR compared to un-coated 3 
sample and other two coatings, which can be explained because of extra resin present on the surface 4 
of the laminate in this sample. The char residue at the end of experiment was similar to other coatings 5 
as seen in Fig. 6(d). There is also increase in time for back surface temperature to reach 180 and 6 
250oC (Table 2).  This shows that if OC is used with an inherently flame retardant resin, its thermal 7 
barrier efficiency can be improved. The OC content on the surface is also higher in this sample 8 
compared to other samples (see Table 2). 9 
 10 
3.4 Durability of coatings 11 
3.4.1 Adhesion between coatings and GRE surfaces 12 
The adhesion between three different OC surface coatings and GRE composite surfaces was studied 13 
by the tape pull test. Table 3 shows the loss in mass and % coating peeled off on all coated samples 14 
after tape test at 180o pulling angle. Digital images of peeled off tapes were also taken and are shown 15 
in Figure 7. In our previous publication (Laungtriratana and Kandola, 2012) we had also tested the 16 
OC surface coating without any plasma treatment and it was observed that all of the coating had 17 
peeled off, indicating no adhesion between coating and the substrate. 18 
 19 
As can be seen from Table 3 that for GRE-A sample < 0.1% mass is lost corresponding to 1.5 mass% 20 
of OC being peeled off, which is mainly from third area (3) in Fig. 7(a). The variation in results in 21 
Fig. 7(a) may be due to non-uniformity of plasma treatment leading to varied bonding strength 22 
between OC particles and the GRE laminate at different areas on surface of the laminate. The Ar-23 
HMDSO treated, GRE-B shows highest mass loss and maximum OC being peeled off (3.9 %). 24 
Moreover the peeling of OC from three different areas is very similar (Fig. 7(b)). This may be due 25 
to the OCs being bonded onto the polymerised HMDSO instead of the surface of laminate (see Fig. 26 
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4(b)), the bond is weakened and gets easily peeled off. The peeling of coating C in GRE-C, 1 
containing phenolic resin, is minimal (Fig. 7(c)), which shows that phenolic resin during curing 2 
completely embeds OCs in it.  These results suggest that using atmospheric argon plasma treatment 3 
or using a phenolic resin binder, stable coating can be obtained.  4 
 5 
3.4.2 Effect of water: wettability and water soaking  6 
To evaluate the wettability of the OC coatings, the water drop test was employed. The results at 1, 7 
60 and 120 s are shown in Fig. 1. The GRE-A shows high wettability of coating surface, after 1 s 8 
the water drop flattened and started to spread by surface wetting, followed by growth of the water 9 
spot until 60 s. This indicates that the surface after treatment with the OC has significantly increased 10 
the wettability as compared with the control sample (see Fig. 1(a). With polymerised HMDSO, the 11 
wettability of GRE-B was even higher than the GRE-A sample. However, the phenolic resin binder 12 
in GRE-C resulted in lowest surface wettability compared to other samples. 13 
 14 
The effect of water on the durability of the coatings was investigated using the water-soak test. In 15 
this all edges were sealed with an epoxy resin prior to the test. The changes in mass of samples after 16 
water soaking were measured and are reported in Table 3. The digital images are shown in Fig. 8. 17 
GRE-A sample after soaking in water for 24 h had minimal mass loss of 0.1%, even after drying in 18 
an oven at 120oC there was not any further mass loss, indicating that there is no loss of OC. This 19 
mass loss value is similar to that for the control sample. In the digital image (Fig. 8) of the surface 20 
of the GRE-A sample after water soak test, small cracks in the coating can be seen.  In the Ar-21 
HMDSO treated, GRE-B sample however, 8.8% mass loss occurs, increasing further  to 10% after 22 
dying at 120oC, indicating that the coating adsorbed water, which desorbed after drying. The damage 23 
in the coating can be clearly seen from Fig. 8, indicating that this coating is not firmly bonded to the 24 
surface. This can be related to the structure of the coating in Fig. 4(b), where electrostatic interactions 25 
are less than those for the coating shown in Fig. 4(a). GRE-C sample shows negligible mass loss 26 
17 
 
after the water test. No damage is observed from the image in Fig. 8. These results indicate that the 1 
use of Ar-plasma or phenolic resin binder can produce a stable coating. These observations are 2 
consistent with the results of tape pull and wettability tests, therefore the performance of each 3 
coating in term of the durability can be ranked from best to worst as Coating C > Coating A > 4 
Coating B. For Ar-plasma treated coating there is some effect of moisture on the coatings, which 5 
needs to be addressed and will be subject of our future work.  6 
 7 
4. Conclusions  8 
This work has shown that OCs can be uniformly deposited on the surface of GRE composites by 9 
dispersing in a solvent and spraying by an air brush. By pre-treating the laminate surface with argon 10 
plasma, OCs are bonded to the epoxy surface and the coating does not peel off when tested by the 11 
tape pull method.  With Ar-HMDSO plasma, the adhesion between coating and the laminate surface 12 
was slightly less than that from Ar-plasma. The OC bonded to silicone polymer peels off from the 13 
surface. Phenolic resin binder polymerises on the epoxy surface and gets chemically bonded. After 14 
24 h ageing in water, the Ar-plasma treated and phenolic resin binder containing samples showed 15 
minimal mass loss, indicating the durability of the coatings. The Ar-HMDSO plasma treated coating, 16 
however was sensitive to water and showed maximum damage. While Ar-plasma treated coating 17 
showed less sign of cracking, the Ar-HMDSO treated coating was badly damaged.  In terms of 18 
thermal barrier properties, best results were shown by the Ar-plasma treated coating, while phenolic 19 
resin containing coating could effectively reduce the PHRR.  It is worth pointing out that the thermal 20 
barrier effect of the OC coating is strongly dependent on the concentration of OC on the substrate 21 
and whether it completely covers the surface or some resin on the surface is exposed to the heat. In 22 
future work other methods of OC deposition will be explored.  Another important conclusion is that 23 
the presence of HMDSO monomer does not contribute to improvement in the concentration of OC 24 
deposition on the surface or providing thermal barrier properties to the laminate. 25 
 26 
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Table 2. Cone calorimeteric data for all samples at 35 kW/m2 heat flux without an ignition source. 1 
Table 3. The mass loss after the tape pull and water soak tests 2 
 3 
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Fig.2. IR spectra of surfaces (a) control GRE, (b) Ar/HMDSO plasma treated laminate, (c) Cloisite 5 
30B, (d) GRE-A, (e) GRE-B and (f) GRE-C 6 
Fig.3. SEM images of GRE control, Ar/HMDSO plasma-treated laminate, GRE-A, GRE-B and GRE-7 
C samples at various magnifications  8 
Fig.4. Possible mechanisms of the organoclay deposition on glass fibre-reinforced epoxy (GRE) 9 
composite by using a) Ar-plasma and b) Ar/HMDSO -plasma  10 
Fig. 5. HRR vs time curves of control GRE and a) GRE-A, b) GRE-B and c) GRE-C samples and 11 
d) mass loss vs time curves of all samples on cone exposure at 35 kW/m2 heat flux. Samples 12 
denoted as T represent in which thermocouples were inserted Sample with * (GRE-C3T*) 13 
denotes no ignition  14 
Fig.6. Digital images of charred residues of (a) control, (b) GRE-A, (c) GRE-B and (d) GRE-C at 15 
the end of cone calorimeter experiment 16 
Fig.7. Digital images of peeled tape of (a) GRE-A, (b) GRE-B and (c) GRE-C after tape pull test  17 
Fig.8. Digital images of all samples before and after water-soak test 18 
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Table 1. Physical properties of the coatings on the GRE laminates 
 
Sample 
Coating 
thickness 
(µm) 
Mass of 
coating (g) 
OC 
deposition 
(mass%) 
Control - - - 
GRE-A 310 ± 50 0.77 ± 0.16 3.7 ± 0.8 
GRE-B 320 ± 50 0.62 ± 0.02 3.2 ± 0.1 
GRE-C 380 ± 70 1.06 ± 0.05 4.5 ± 0.2 
Note: The mass of the coating refers to the amount used to uniformly-coat a 75 mm × 75 mm plaque 
  
 
 
 
Table 2. Cone calorimeteric data for all samples at 35 kW/m2 heat flux without an ignition source 
 
 
Samples 
OC 
deposition 
(mass%) 
Cone results 
 
Thermal barrier;  
Time to reach 
back surface   
temp 
 
Specimen 
No 
TTI 
      (s) 
PHRR 
(kW/m²) 
TPHRR 
 (s) 
THR 
(MJ/m²) 
TSR 
(1) 
FIGRA 
(kW/s) 
180oC 
    (s) 
250oC 
(s) 
Control - 1,2,3 97±4 526±17 127±1 33.8±4.0 1180±87 4.1±0.1 40±7 
 
72±7 
GRE-A 4.2 
3.1±0.14 
1 
2,3 
174 
100±2 
400 
443±16 
194 
162±14 
28.2 
48.4±3.2 
1085 
1177±92 
2.06 
2.8±0.3 
44±3 73±1 
GRE-B 3.1 
3.3±0.02 
1 
2,3 
91 
136±1 
469 
480±31 
146 
184±4 
44.3 
45.0±1.1 
1109 
1110±2 
3.21 
2.6±0.1 
48±3 78±4 
GRE-C 4.1±0.05 
4.8 
1,2 
3 
99±7 
- 
410±9 
8 
133±1 
284 
34.6±0.2 
1.3 
1399±136 
479 
3.1±0.0 
0.03 
53±2 83±2 
Note: * indicates the sample was not ignited; ± represents the reproducibility of the results  
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Table 3. The mass loss after the tape pull and water soak tests  
Sample 
Tape pull test  Water soak test 
% Mass 
loss 
OC coating 
peeled  
(mass%) 
 % Mass loss 
after 24 h RT 
drying  
% Mass loss after 
drying at 120oC for 
2h 
Control - -  -0.1 -0.2 
GRE-A 0.05 ± 0.02 1.5  -0.1 -0.1 
GRE-B 0.12 ± 0.01 3.9  -8.8 -10.0 
GRE-C 0.003± 0 0.1  -0.02 -0.06 
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Fig.1 Water drops on GRE laminate surface before and after plasma treatment at various times 
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Fig. 2. IR spectra of surfaces (a) control GRE, (b) Ar/HMDSO plasma treated laminate, (c) 
Cloisite 30B, (d) GRE-A, (e) GRE-B and (f) GRE-C 
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Fig. 3. SEM images of GRE control, Ar/HMDSO plasma-treated laminate, GRE-A, GRE-B and 
GRE-C samples at various magnifications  
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Fig. 4. Possible mechanisms of the organoclay deposition on glass fibre-reinforced epoxy (GRE) 
composite by using a) Ar-plasma and b) Ar/HMDSO -plasma  
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Fig. 5. HRR vs time curves of control GRE and a) GRE-A, b) GRE-B and c) GRE-C samples 
and d) mass loss vs time curves of all samples on cone exposure at 35 kW/m2 heat flux. Samples 
denoted as T represent in which thermocouples were inserted Sample with * (GRE-C3T*) 
denotes no ignition  
 
 
 
Fig.6. Digital images of charred residues of (a) control, (b) GRE-A, (c) GRE-B and (d) GRE-C at 
the end of cone calorimeter experiment 
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 Fig. 7. Digital images of peeled tape of (a) GRE-A, (b) GRE-B and (c) GRE-C after tape pull test  
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Fig. 8. Digital images of all samples before and after water-soak test 
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